Purpose Intervertebral disc with Propionibacterium acnes (P. acnes) is suggested to be an etiology of Modic type I changes in the adjacent bone marrow. However it is unknown if disc cells can respond to P. acnes and if bone marrow cells respond to bacterial and disc metabolites draining from infected discs. Methods Human disc cells (n = 10) were co-cultured with 10-and 100-fold excess of P. acnes over disc cells for 3 h and 24 h. Lipopolysaccharide was used as positive control. Expression of IL1, IL6, IL8, and CCL2 by disc cells was quantified by quantitative PCR. Lipase activity was measured in culture supernatants (n = 6). Human vertebral bone marrow mononuclear cells (BMNCs) (n = 2) were cultured in conditioned media from disc cell/P. acnes cocultures and expression of IL1, IL6, IL8, and CCL2 was measured after 24 h. Results All disc cells responded to lipopolysaccharide but only 6/10 responded to P. acnes with increased cytokine expression. Cytokine increase was time-but not P. acnes concentration-dependent. Disc cell responsiveness was associated with the presence of lumbar Modic changes in the donor. Lipase activity was increased independent of disc cell responsiveness. BMNCs responded with inflammatory activity only when cultured in supernatants from responsive disc cell lines. Conclusion Disc cell responsiveness to P. acnes associates with the presence of lumbar Modic changes. Furthermore, bone marrow cells had an inflammatory response to the cocktail of disc cytokines and P. acnes metabolites. These data indicate that low virulent P. acnes infection of the disc is a potential exacerbating factor to Modic changes.
Introduction
Low virulent infection of the intervertebral disc with the anaerobic aerotolerant bacteria Propionibacterium acnes (P. acnes) is suggested as the etiology of one phenotype of Modic type I changes (MC1) [26] . P. acnes has been isolated from discs adjacent to MC1, and the presence of P. acnes was prognostic for the development of MC1 [1] [2] [3] [4] [5] . P. acnes is assumed to home structurally damaged discs through hematogenous spread from a distant infection, or through the blood after innocuous skin lesions, e.g., tooth brushing [6, 7] . Once in the disc, the low oxygen tension and low pH in the disc favor the proliferation of P. acnes [8] . P. acnes secrete lipase, a virulence factor that associates with the severity of acne vulgaris pathogenesis [9] . Lipase hydrolyzes triacylglycerides, which are abundant in the bone marrow, into glycerol and free fatty acids. Free fatty acids, in turn, are highly pro-inflammatory [9] . It is unknown if disc cells sense P. acnes or its metabolites, yet disc cells express toll-like receptors (TLR), which bind bacterial cell wall compounds [10] . TLR ligation leads to the activation of inflammatory cascades and the secretion of pro-inflammatory cytokines. Disc cytokines and bacterial metabolites can drain easily into the adjacent bone marrow because endplate damage is present in MC1 [11] [12] [13] . Endplate damage also increases convective flow between the disc and the bone marrow and increases the biological cross-talk with the adjacent vertebra. In the bone marrow, pro-inflammatory cytokines and free fatty acids cause hematopoietic changes that are consistent with MC1 [14, 15] . Despite these compelling linkages between P. acnes, disc inflammation, and MC1, it is unknown if disc cells respond directly to P. acnes, and whether bone marrow cells respond to the cocktail of disc cytokines and P. acnes metabolites. Therefore, we co-cultured human disc cells with P. acnes isolated from a clinical disc sample collected at the level of MC1, and subsequently cultured vertebral bone marrow-derived mononuclear cells (BMNCs) in the conditioned media from the disc cell/P. acnes co-culture. We hypothesized that P. acnes induces inflammatory behaviors in disc cells, and that BMNCs have an inflammatory response to conditioned media.
Materials and methods
The study was approved by the Institutional Research Board of the University of California San Francisco (13-12489, 13-10863, and 14-13246). The study workflow is provided in Fig. 1 .
P. acnes strain isolation
Propionibacterium acnes was aseptically isolated from surgical waste tissue removed from a human L4/5 disc as previously described [3] . The patient (33 years, female, BMI 25.3) underwent discectomy and decompression because of chronic LBP with pain and numbness in both legs. Prior to surgery, serial epidural steroid injections relieved pain for 1-2 months each. Disc tissue was minced using a sterile scalpel and cultured aerobically and anaerobically. P. acnes bacteria were cultured on Brucella agar and cryopreserved at -80°C in 25% glycerol. Subculture colonies of this P. acnes strain was suspended in phosphate-buffered saline (PBS) for rat injection. This patient had MC1 at L4-5 level for more than 1 year prior to surgery. The isolated strain was identified as type II, and was capable to provoke Modic type I-like changes after injection into rat-tail discs [3] . P. acnes was stored in a 25% glycerol stock in PBS at -80°C. The same stock was used for all co-cultures.
P. acnes/disc cell co-culture Ten lumbar discs from eight patients undergoing anterior, transforaminal, or extreme lateral lumbar interbody fusion for degenerative conditions (five for degenerative disc disease, three for spondylolisthesis) were aseptically collected (Table 1) . Disc tissue was minced into few cubic millimeter sized pieces. Tissue pieces with identifiable organized fiber structures, indicative of AF, and bloody tissue pieces were discarded. Disc tissue pieces were washed three times with phosphate-buffered saline supplemented with antibiotic antimycotic solution (A/A) (Sigma-Aldrich, St. Louis, MO, USA) and cultured in disc media (DMEM/F12, 10% fetal calf serum, A/A) for about 10 days until cells migrated out of the tissue and formed colonies. Media supplementation with A/A guarantees that no bacteria from isolated discs were cultured. These culture conditions favor disc cell over macrophage or stromal cell expansion. Qualitative microscopic observation of expanding colonies verified that no macrophage colonies were growing. After the second passage, cells were cultured in 12-well plates without A/A at low oxygen tension (2%) and assigned to a treatment [1:10, 1:100, negative control, lipopolysaccharide (LPS)] and a time point (3 or 24 h ). All cultures were done in triplicates. For groups 1:10 and 1:100, P. acnes were taken from the frozen glycerol stock, diluted in PBS and added at a disc cell: P. acnes ratio of 1:10 or 1:100 at around 50% confluency of disc cells. P. acnes concentration was calculated based on the approximation that OD600 = 0.3 equals 100 Mio/ml P. acnes [16] . Disc cell cultured without P. acnes served as negative control. Supplementation with LPS (1 lg/ml) served as positive control. After 3 and 24 h cultures were harvested. Media was sterile filtered and frozen at -80°C. Disc cells were lyzed with Qiagen RNeasy RLT buffer (Qiagen, Valencia, CA, USA) according to manufacturer protocol.
Lipase assay
Lipase activity was measured in cell-free culture supernatants from batch 1-6 (without LPS groups) ( Table 1) using Lipase Activity Assay Kit II (MAK047, SigmaAldrich, St. Louis, MO, USA) according to manufacturer protocol. Activity was normalized to disc cells cultured without P. acnes, and significant differences were calculated with a crossed ANOVA.
Isolation and culture of bone marrow mononuclear cells (BMNC)
Bone marrow-derived mononuclear cells were aspirated from lumbar vertebrae from two patients undergoing spinal fusion as previously described [14] . Briefly, 2-ml bone marrow was aspirated from the vertebral body with a Jamshidi needle placed into the screw trajectory. Aspirates were immediately transferred into sterile K2-EDTA tubes. BMNCs were isolated with Histopaque-1077 (SigmaAldrich, St. Louis, MO, USA), washed twice with Iscove's Modified Dulbecco's Media (IMDM), 2% FCS and cultured at 1 Mio/ml in the sterile-filtered culture supernatants (without LPS groups) mixed 1:1 with IMDM, 10% FCS. Polymyxin B, a LPS scavenger was added to all washing steps and culture media. BMNC from donor 1 were cultured in disc cell: P. acnes supernatants from batch 1 and BMNC from donor 2 in disc cell: P. acnes supernatants from batch 5. Batch 1 and batch 5 were both from responders (Table 1) . After 24 h, BMNC were collected and lyzed with RLT buffer. BMNCs cultured in conditioned media from disc cells alone served as negative control.
Gene transcription analysis
RNA from disc cells and BMNCs were isolated with Qiagen RNeasy mini columns and on-column DNase digestion (Qiagen, Valencia, CA, USA). cDNA was synthesized (BioRad iScript cDNA Synthesis Kit) and the gene expression of ribosomal protein L30 (RPL30, LifeTechnologies Hs00265497_m1), interleukin-1b (IL-1b, Hs01555410_m1), IL-6 (Hs00985639_m1), IL-8 (Hs00174103_m1), and chemokine (C-C motif) ligand 2 (CCL2, Hs00234140_m1) were quantified with TaqMan probes. Data were normalized to RPL30 and to negative control and evaluated with the comparative C q method using the software R (version 2.15.1).
Statistics
Significant differences were detected by comparing DC q values of P. acnes and LPS cultures to negative control using t tests. If gene expression in disc cells of more than one group was significantly increased, the disc cell line was considered as responder. Age, weight, pain, and degree of disc degeneration (Pfirrmann grade) were compared between responders and non-responders using t tests. Gender and presence of Modic changes (type 1 or type 2) were compared between responders and non-responders using Fisher's exact test.
Results

Lipase activity
Lipase activity after 3 h of co-culture were similar in the 1:10 and 1:100 group (p = 0.87; Fig. 2) . From 3 to 24 h, lipase activity increased in both groups (both p \ 0.001) with a stronger increase in the 1:100 group (?0.79 versus ?0.42 U/ml, p \ 0.001). This resulted in a time (p \ 0.001) and P. acnes concentration (p \ 0.05)-dependent lipase activity. There was no disc cell donor variation (p = 0.10).
Response of disc cells to co-cultured P. acnes Disc cells from all donors responded to LPS (Fig. 3) . This verified disc cell viability and the ability to respond to a bacterial TLR agonist [10, 17] . However, only six of ten disc cell lines responded to P. acnes with upregulation of IL1, IL6, IL8, and CCL2 gene transcription. Four of these six cell lines were isolated from discs adjacent to Modic changes, one cell line from a disc one level separated from Modic changes, and one cell line from a patient without lumbar Modic changes (Table 1 ). The four non-responding cell lines were all from patients without lumbar Modic changes. The presence of lumbar Modic changes at the same or adjacent level from where disc cells were isolated associated significantly with disc cell responsiveness to P. acnes (p \ 0.05). Gender, age, weight, degree of DD, and level of pre-operative pain did not associate with disc cell responsiveness.
Only considering responsive cell lines, IL1, IL6, IL8, and CCL2 gene transcriptions were increased under most conditions and increased over time (p \ 0.001, except for IL6: p = 0.48) but were independent of the amount of P. acnes used in the co-culture (p = 0.83, p = 0.73, p = 0.49, p = 0.42). In non-responding cell lines, only IL8 after 24 h in the 1:100 group was slightly increased (2.1-fold, p \ 0.01).
Response of BMNCs in conditioned media from P. acnes/disc cell cultures Bone marrow-derived mononuclear cells responded to LPS by increasing IL1, IL6, IL8, and CCL2 expression (Fig. 4) in the supernatants of the selected responder cell lines. IL6 expression was increased in all P. acnes-conditioned media, irrespective of the amount of P. acnes (1:10, 1:100) and conditioning time (3, 24 h). IL1 expression was only increased in media conditioned for 24 h but irrespective of P. acnes concentration. IL8 and CCL2 expression were increased in 24 h conditioned media from high P. acnes concentration. In addition, CCL2 was also increased in 3-h conditioned media from low P. acnes concentration.
Discussion
We hypothesized that disc cells have an inflammatory response to P. acnes, and that BMNC respond with inflammation to conditioned media from disc cells co- Fig. 2 Relative lipase activity after 3 and 24 h of 1:10 and 1:100 disc cell/P. acnes co-cultures normalized to disc cells cultured without P. acnes. Significant main group effects are indicated: time effect (horizontal line), concentration effect (vertical line). *p \ 0.05, ***p \ 0.001 cultured with P. acnes. We found that only disc cells from patients with lumbar Modic changes respond to P. acnes by increasing expression of IL1, IL6, IL8, and CCL2. The activity of the P. acnes virulence factor lipase was increased in P. acnes co-cultures but independent from the transcriptional response of disc cells. BMNCs increased expression of IL1, IL6, IL8, and CCL2 when cultured in transcriptional responding cell media. These findings show that the presence of P. acnes bacteria can activate disc cells, and that the cocktail of disc cytokines and bacterial metabolites can activate BMNCs. Therefore, low virulent disc infection with P. acnes is a potential etiology of MC1. Fig. 3 Gene expression of disc cells after 3 and 24 h of co-culture with a 10-and 100-fold excess of P. acnes relative to disc cells alone. Lipopolysaccharide (LPS) was used as positive control. a1-d1 Relative gene expression of IL1, IL6, IL8, and CCL2 of responders, respectively; a2-d2 relative gene expression of non-responders. Significant differences to disc cells alone are indicated: *p \ 0.05, **p \ 0.01, ***p \ 0.001
Responder versus non-responder disc cell lines
Disc cells are not considered part of the immune system since they are normally sequestered from the blood supply. Therefore, it cannot be expected a priori that they respond to pathogens. However, the recent identification of TLR expression by disc cells grants them this capability because TLRs bind bacterial cell wall proteins [10] . This also explains the responsiveness of disc cells to LPS [17] . LPS is a substance derived from bacterial cell walls and is often used as TLR agonist. Here we showed that cells from all analyzed discs, i.e., responder and non-responder, react to LPS, while only six of ten react to P. acnes. All responsive disc cell lines were taken from donors with lumbar Modic changes but not necessarily from the disc at the level of Modic changes. In contrast, four of five disc cell lines from donors without Modic changes did not respond to P. acnes. This resulted in a significant association of disc cell responsiveness with the presence of lumbar Modic changes. Consequently, lumbar Modic changes are highly sensitive but only moderately specific for disc cell responsiveness to P. acnes. This suggests that disc cell presensitization occurs in vivo, and that Modic changes are a sequela that may be exacerbated by P. acnes infection. Structural (micro)-damage of the endplates are characteristic for Modic changes and may be an important factor for triggering disc cell responsiveness to P. acnes because it violates the discs' immune privilege [11] [12] [13] 18] . How disc cells sense P. acnes remains unknown. Since non-responder cell lines also react to LPS, P. acnes may engage other receptors than TLR2 and TLR4, which bind LPS. The disc cell reaction may also be caused by virulence factors not investigated here and not be directly sensing bacterial cell wall components. If disc cells react to P. acnes, they are highly sensitive to the presence of P. acnes bacteria. Since the elevated cytokine expression of responsive cell lines was independent from the P. acnes concentration, the sensitivity threshold to react to P. acnes appears to be even lower than the ten P. acnes per disc cells applied in this study.
The P. acnes load in discs from levels with MC is unknown yet, but P. acnes concentration in non-MC discs is 12-21,000 CFU [27] . Therefore, this is as physiological or non-pathological P. acnes concentration [28] . Assuming a nucleus pulposus volume of 6.6 cm 3 with 950,000 cells [29, 30] , the used P. acnes/disc cell ratio is 1450-times higher in the 1:100 culture than in a non-MC disc with a high bacterial load. However, there are reasons to assume that the true P. acnes load in MC discs is much higher. Assuming MC1 can be caused by P. acnes, MC1 is a clinical sign of an infected disc and bacterial load in the disc is likely much higher than the reported CFU of non-MC discs. Furthermore, CFU measurements are generally lower than true CFU for methodological reasons [27] .
Similar to MC1, Modic type II changes (MC2) associate with endplate damage and represent fatty marrow conversion [12, 13, 19] . In this study, disc cells from two out of two patients with MC2 were also responsive to P. acnes, which suggests that the responsiveness is independent of the bone marrow composition and that it is rather the Fig. 4 Gene expression of BMNC after 24 h in conditioned media from disc cell/P. acnes co-cultures. Time points (3, 24 h ) and condition (1:10, 1:100, LPS) relate to the conditioned media. ad Relative gene expression of IL1, IL6, IL8, and CCL2, respectively. Significant differences to BMNCs cultured in conditioned media from disc cells alone are indicated: *p \ 0.05, **p \ 0.01, ***p \ 0.001 violation of the discs immune privilege by endplate damage that triggers the responsiveness. This is not surprising since MC1 and MC2 are interconvertible and responsiveness to P. acnes is likely a permanently acquired capability [20] . In order to test this hypothesis, the responsiveness of more discs from MC2 levels need to be analyzed. The responsiveness also does not appear to be a consequence of the primary P. acnes virulence factor lipase because lipase activity was the same in responder and non-responder cell lines. However, other P. acnes virulence factors such as propionic acid could also contribute to the disc cell response.
Response of the bone marrow
The bone marrow of Modic changes shows a dysregulated myelopoiesis [14] . Similar dysmyelopoiesis was described in mice after exposure to IL-1 and LPS [15, 21, 22] . It is likely that the disc at the level of Modic changes is the trigger of the hematopoietic changes because Modic changes typically occur symmetric cephalad and caudad to a particular disc [23] , because the disc at the level of Modic changes releases higher amounts of pro-inflammatory cytokines [24] , and because Modic changes stand in inflammatory cross-talk with the adjacent disc [14] . With this current study we showed that healthy BMNCs respond to the cocktail that is released by co-localized P. acnes and disc cells. This cocktail not only contains the pro-inflammatory cytokines released by disc cells but also P. acnes virulence factors and its catabolites. GehA lipase is one of the most important P. acnes virulence factors and associates with the pathogenesis of acnes vulgaris [9] . Lipase hydrolysis triacylglycerides into glycerol and free fatty acids. Glycerol is a P. acnes nutrient and free fatty acids are chemotactic and highly pro-inflammatory [9] . GehA lipase has an optimal stability and activity at pH 6.8 and is stable as low as pH 5 [9] . The disc tissue provides the optimal environment for lipase activity and the generation of highly pro-inflammatory free fatty acids because even in healthy discs glycosaminoglycan cause a drop in pH by about 0.5 pH compared to surrounding tissue and in degenerated discs accumulation of lactic acid cause pH as low as 6 [8] . Therefore, it is likely that free fatty acids add to the inflammatory milieu in Modic changes. In addition, free fatty acids also skew lineage choice of myeloid progenitor cells toward the osteoclastic lineage and of bone marrow stromal cells towards adipocytes [13] . High bone turn-over is characteristic for Modic change type I and abundant adipocytes are a hallmarks of MC2 [12, 13, 19, 25] . Further experiments will be necessary to determine the effect of bacterially induced free fatty acids on bone marrow response in a Modic change environment. Furthermore, investigating the response of BMNC to nontranscriptional responding disc cells would show if the BMNC response is a direct response to virulence factors or to disc cytokines.
In summary, this study supports a previously suggested model for the P. acnes infection phenotype of MC where disc damage allows the introduction of P. acnes into the disc (Fig. 5) [13, 26] . In the disc, P. acnes proliferate and abundant disc cytokines, P. acnes virulence factors, and presumably free fatty acids are produced. All these factors can drain into the bone marrow, where they cause MC. While we observed statistically significant relationships between P. acnes reactivity and donor MC status, these findings are based on a small sample size and need to be replicated, in particular using P. acnes isolated from another MC disc. Furthermore, the response should be stratified for the type of MC.
In conclusion, disc cell responsiveness to P. acnes associates with the presence of lumbar Modic changes. Furthermore, bone marrow cells yield an inflammatory transcriptional response to the cocktail of disc cytokines and P. acnes metabolites. Therefore, low virulent P. acnes infection of the disc is a potential exacerbating factor to Modic changes, following an initiating event, such as endplate damage or disc herniation.
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